In order to quantitate lymphocyte proliferative responses, we explored the role of cell death in the kinetics of phytohemagglutinin-stimulated cultures. Unless the disintegration time (tDIS) of nonviable lymphocytes in culture is known, the rate&'Gcell death cannot be calculated. To obtain tDIS, we determined the time interval between total and viable cell population decay after various killing events. Two subpopulations of Iymphocytes were observed, the major (80%) with a mean (+ SEM) tDIS of 16 + 2 hr and the minor (20%) with a tDIS of 45 7 hr. Kinetic balance sheets were constructed predicting total cultuire DNA content (cells plus medium), as calculated both from proliferation rates and from observed death and disintegration rates. In an experiment characterized by extensive cell death, the two tallies were well-matched when the above data were utilized. The large discrepancy between predicted and observed DNA contents of the medium indicates that the DNA of disintegrated lymphocytes is extensively degraded. We conclude that cell death explains proliferation deficits in stimulated lymphocyte cultures. Our 
In kinetic studies of cultured cell proliferation, the rate of cell death is particularly difficult to quantify and yet is quite important, because it may affect results to a great extent. Cell viability is usually assayed by simple tests such as trypan blue exclusion (1) , giving only the instantaneous number of dead cells. Nonviable cell counts can be utilized to calculate the death rate only if the disintegration time (tDIS) of a nonviable cell is known.
Our interest in quantitation of cell death was stimulated by the observations made by ourselves and others (2) (3) (4) (5) (6) (7) (8) that in phytohemagglutinin (PHA)-stimulated lymphocyte cultures, at widely used cell concentrations (2 X 106 lymphocytes per ml), an increase in cell number or DNA content is most often not demonstrable, in spite of considerable thymidine (Td) incorporation and mitotic activity, raising the question of the fate of newly synthesized DNA. It has been demonstrated that after mitogen stimulation of lymphocytes a major portion of the newly synthesized DNA is eventually found in the culture medium (5, 9, 10) . This DNA contains specific, apparently amplified sequences that may be present in 3-to 4-fold greater amounts in phytohemagglutinin (PHA)-stimulated than in noncycling human lymphocytes (11, 12) . Because cell death was not accurately quantified in these studies (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , it was of interest to evaluate its overall importance in lymphocyte cultures and to determine the fate of DNA in dead cells. Abbreviations 
MATERIALS AND METHODS
Human lymphocytes from normal volunteer donors were purified (>95%) and cultured according to our published methods (13, 14) . Weakly agglutinating, purified PHA (Wellcome Reagents Ltd., Beckenham, England) was added to bulk cultures containing 2 to 33 X 105 cells per ml to a final concentration of 3 ,tg/ml, which gave optimal stimulation. Cultures were pulsed with [3H]Td, 2 ,uCi/ml (6 Ci/mmol) to assess incorporation into acid-precipitable material and autoradiographic labeling indices (15) . The DNA contents of cell pellets and culture medium were assayed fluorometrically with diaminobenzoic acid after acid precipitation and extractions with alcohol and ether (16) . Enumeration of Living and Dead Cells. The total cell number was determined in quadruplicate in a hemacytometer. The percentage of cells with a blue nucleus after incubation in 0.1% trypan blue for 5 min at room temperature was determined as the mean of quadruplicate counts of 100 cells each.
Only those stained lymphocytes that had a morphology sufficiently unaltered for them to be included in the total cell count were scored as dead, i.e., blue-stained debris was ignored. Alternatively, viable (Pronase resistant) and dead cell nuclei were counted with a Coulter model D electronic particle counter according to Stewart et As shown in Fig. 1 Nine experiments included five or more pairs of measurements spanning point Y and Phase III, thereby permitting es- 
hr, whereas in three others [tDISIL was more than 100 hr. There was no apparent difference in [tDISIL between stimulated and nonstimulated lymphocytes. For spontaneous cell death in nonstimulated cultures (without killing intervention and in the absence of AraC and Colcemid), tDIS was in the 15-30 hr range, but the number of dead cells was too small to assess more precise estimates.
As a check of the population decay method, we analyzed time-lapse cinematomicrographic films of human lymphocytes proliferating in response to various stimulants. The films were kindly provided by William Marshall and have been extensively described (18) . tDIS was the time interval between the moment a cell became immobile and rigid and the time it fragmented or assumed the shape of debris. A total of 24 mobile and dividing lymphocytes were clearly observed to die, and 4 disintegrated visibly with a tDI$ ranging from 8 to 18 The results of such an actuarial tabulation for an experiment carried out under conditions of cell concentration that caused extensive cell death are shown in Fig. 2 . Thl death rate was biphasic. An initial wave, possibly reflecting nonadaptation of some cells to culture conditions, was followed by a gradual increase. Later, the curve for the death rate reached a plateau as the percent trypan blue-positive cells increased and the total cell number decreased. The disintegration rate followed after a lag = [tDISIs. As a further simplification in the death rate calculation, the mean tDIS could be assigned an approximate value of 22 hr, the weighted mean of [tDIsIL and [tDIs]s. Then, the dead cells in any cell count represented tlp number dying in the preceding 22 hr, and dividing this number by 23 hr gave the average death rate per hour over that interval (Fig. 2) . For all practical purposes, an instantaneous dead cell count gave a close approximation of the death rate, assuming a tDIS of 24 hr. Thus, the absolute number of cells dying in the culture was only slightly underestimated by summing the dead cell counts at 24-hr intervals. Release and turnover of DNA in the culture medium Using the experiment described in Fig. 2 , we generated a balance sheet, attempting to account for all DNA originally present and newly synthesized in a PHA-stimulated lymphocyte culture during an 8-day period. Fig. 3B presents serial measurements of the DNA assayed by the diaminobenzoic acid fluorescence method in cell pellets and in the culture mediurn. To explain the decrease in DNA content in the face of extensive blastogenesis and considerable [3H]Td uptake (27,000 cpm compared with 1800 cpm in unstimulated controls on day 3), we tested the hypothesis that cell death apcounts for the deficit in cell proliferation. Two methods were used to calculate a projected "maximal DNA content" of the culture, assuming an absence of DNA catabolism: in Fig. 3A (left bars) , the amount of newly synthesized DNA was estimated from the rate of cell division and was added to the amount pf DNA originally present; in Fig.  3A (right bars), the amount of DNA in the cell pellet was estimated from the observed cell counts, and the value for the DNA of disintegrated dead cells (no longer present in the pellet) was added to it.
The DNA values plotted in Fig. 3A were calculated as fol- Comparson of the left and right bars of Fig. 3A shows a fair match between the two largely independent methods of estimating the "maximal DNA content." Equally well-matched balance sheets were obtained from other similar experiments and from cultures initiated at the more optimal cell concentration of 2 X 105/ml.
A number of points can be made from the data and calculations presented in Fig. 3. (i) The theoretical "maximal DNA content" of the culture after 180 hr is predicted to be 16 /ig (Fig.   3A, left bar) , whereas the DNA content actually observed in the cell pellet was 4 jig (Fig. 3B, lower bar) , demonstrating a massive deficit. (ii) A calculated estimate of DNA released into the medium by disintegrating cells (Fig. 3A, upper right bars) closely approximates the deficit between calculated "maximal DNA content" (Fig. 3A, left bars) and the calculated (or observed) amount of DNA in the cell pellet (Fig. 3A, lower right  bars) . The proliferation deficit is therefore attributable to cell death. (iii) The great difference between the predicted (13 Mg) and observed (2.4 Mug) DNA contents of the medium suggests that degradation of DNA, released into the medium by dead lymphocytes, to nonacid-precipitable metabolites is extensive. (iv) During the first 2 days, a number of cells that cannot be accounted for by the observed number of trypan blue-positive cells disappear from the culture. These cells could have very short disintegration times, or they may adhere to culture vessel walls.
DISCUSSION
The amount of cell death in a culture system in vitro is clearly an important parameter that must be taken into account when the effects of experimental perturbations are analyzed. For proliferating lymphocyte cultures, operational concepts such as stimulation, suppression, and allogeneic effects would be better defined if cell death could be quantified. To accurately quantify cell death rates, we require the tDIS of nonviable lymphocytes. We have demonstrated that there are at least two populations of lymphocytes with markedly different tDIS values. Two distinct morphological expressions of cell death have been described: (i) swelling with subsequent autolysis, and (ii) denaturation with "mummification" of the cell (21, 22) . It is possible that these phenomena account for our observations.
In the example experiment, the cells were grown under concentrated culture conditions (2.8 X 106 cells per ml) that we and others have shown are far from optimal (6, 7) . Cell death provides a plausible explanation for the observation that cell number and culture DNA content do not increase in crowded culture conditions, despite considerable [3H]Td incorporation and significant proliferation indices. In cultures initiated at a concentration of 2 X 105 cells per ml, several division cycles can be achieved, and the small difference between potential and actual cell proliferation is also explained by cell death, by using similar calculations. The data suggest that a majority of the DNA released into the culture medium by dying and disintegrating cells is degraded to acid-soluble material. An interpretation of studies providing biochemical characterizations of released DNA (11, 12) must take these observations into account.
The good matches observed in several balance-sheet experiments validate our methods for quantifying cell death, as well as the assumptions underlying these methods: cell death may occur in any phase of the cell cycle, and all cells that initiate DNA synthesis go on to mitosis unless they die. Of great practical significance is the fact that by utilizing a mean tDIS value of 22 hr we get a satisfactory approximation of lymphocyte death rate (Fig. 2) ; this means that instantaneous, nonviable cell 
